The fatty acid composition of lipid extracts from cells of Bacillus acidocaldarius grown at temperatures of 50 to 70 C and pH values of 2 to 5 was determined by gas chromatography of the methyl esters. The most abundant fatty acids are 11-cyclohexylundecanoic and 13-cyclohexyltridecanoic, followed by anteiso-and iso-heptadecanoic; unsaturated acids are absent. Highly aerated cultures produce more of the iso and anteiso acids and less of the cyclohexyl acids. The effects of temperature and pH are interdependent; at lower pH, increasing temperature raises the proportion of the iso and anteiso acids, but at higher pH the effect of increasing temperature is reversed and the proportion of the cyclohexyl acids is increased.
The fatty acid composition of lipid extracts from cells of Bacillus acidocaldarius grown at temperatures of 50 to 70 C and pH values of 2 to 5 was determined by gas chromatography of the methyl esters. The most abundant fatty acids are 11-cyclohexylundecanoic and 13-cyclohexyltridecanoic, followed by anteiso-and iso-heptadecanoic; unsaturated acids are absent. Highly aerated cultures produce more of the iso and anteiso acids and less of the cyclohexyl acids. The effects of temperature and pH are interdependent; at lower pH, increasing temperature raises the proportion of the iso and anteiso acids, but at higher pH the effect of increasing temperature is reversed and the proportion of the cyclohexyl acids is increased.
Bacillus acidocaldarius is characterized by tolerance of high temperature and acidity (50 to 70 C, pH 2 to 5) (1) and by its unusual lipids containing high proportions of 11-cyclohexylundecanoic and 13-cyclohexyltridecanoic acids (3) . We considered that a study of the effects of culture conditions upon the fatty acid composition of this unusual organism might provide useful comparative data. (3), and amounts were estimated from peak areas measured graphically. The complete absence of unsaturated esters inferred from gas chromatography was confirmed by thin-layer chromatography on AgNO,-treated silica gel.
MATERIALS AND METHODS

Growth
RESULTS AND DISCUSSION
Measurements made over the range of temperature and pH which B. acidocaldarius tolerated are summarized in Table 1 . Some other variables were investigated at the optimal temperature and pH (60 C, pH 3.0; specific growth rate, 0.58 generations per h). Cells early in the growth phase contained more of the anteiso-C17 acid (at 23 h, 13% iso-C17 and 20% anteiso-C17; at 90 h, 20 and 8%, respectively); other components varied less. Aeration had a marked effect: increasing the sparging rate from 0.16 to 1.60 liters per liter per min lowered the total of cyclohexyl acids from 66 to 38%, simultaneously increasing the content of iso-C17 and anteiso-C17 acids from 29 to 53%.
In Table 1 , the acids are grouped biogenetically, according to Kaneda (6) . For comparison with other bacteria, it is useful to consider the composition of the mixture of acyclic acids only, excluding the unique cyclohexyl acids. Thus at 60 C, pH 3.0, the acyclic mixture comprises 8% n-C2n, 2% n-C17, 15% iso-C16, 39% iSO-C2n+i, and 34% anteiso-C2,+ 1, and the average chain length is 15.9. Such data are well within the range for typical mesophilic Bacillus species (6, 7). However, within this spectrum of acyclic acids, the effects of both temperature and pH are considerable. At pH 3.0 the effect of raising the temperature between 50 and 70 C is to increase the proportion of iso-C2n+l acids, apparently at the expense of the n-C2n and iso-C2n, but at pH 5.0 with the same temperature variation the result is more complex: the iso-C2n+l acids rise, and the iso-C2n fall, as before, but the anteisoC2n+1 acids fall to a minimum (at 55 C) and then rise again while the n-C2n acids rise to a maximum (at 60 C) and then fall. Systematic effects of changing pH at a given temperature FATTY ACID COMPOSITION OF B. ACIDOCALDARIUS are harder to determine.
This complexity reflects a metabolic situation which is by no means simple; the biogenetic groups arise from different acyl-coenzyme A (CoA) species competing as "starters" for fatty acid synthetase, and whereas the starters for the iso-and anteiso-acids are formed either by breakdown of the branched-chain amino acids or in competition with their synthesis, the n-C2n and n-C2,n, acids derive from acetyl-and propionyl-CoA whose levels are less closely linked to amino acid metabolism. A priori arguments concerning the effects of temperature on the balance between these systems are lacking. However, at all pH values the temperature effects observed here are quite different from those in B. stearothermophilus, which greatly increases its content of n-C2n acids at higher temperatures (2, 9).
The cyclohexyl acids are best considered separately since there are no comparable data for other bacteria. Biogenetically they are quite remote from the acyclic acids, since they arise from a cyclohexyl-carboxylic acid starter formed reductively from shikimic acid (4), and in Table 1 it is the proportion of cyclic to acyclic acids which undergoes the greatest changes with varying temperature and pH. The effect of aeration on this ratio, already noted, is entirely consistent with the reductive nature of the synthesis of the cyclic starter, but the interdependent effects of temperature and pH are less immediately intelligible. Whereas at pH 5.0 increasing temperature raises the proportion of cyclic acids (from 27% at 50 C to 69% at 70 C), at pH 3.0 the proportion falls, from 65% at 50 C to 49% at 70 C. The variation at a given temperature with varying pH is equally complex, and at least two quite distinct mechanisms must be operating simultaneously to explain the observed pattern.
Tentatively, we presume that both energy demands and oxygen availability influence the pattern of carbon utilization in this aerobic sugar-utilizing organism. The observations cover a thousandfold range in external hydrogen ion concentration (the internal pH of the cells is near neutrality) while the solubility of air-oxygen in water at 70 C is about two-thirds of that at 50 C. We suggest that, at low pH, ion-pumping mechanisms impose a considerable energy demand, and that a pattern of metabolism attuned to this demand is also favorable for the production of the shikimate-derived acids. At higher pH this particular demand will be much less stringent, but under these conditions the effect of increasing temperature on oxygen availability may be overriding, with a pattern of carbon metabolism favoring oxidative synthesis of the acyclic starters at 50 C and reductive synthesis of the shikimate-derived acids at 70 C. Unfortunately, oxygen electrodes capable of satisfactory operation over the required range of temperature and pH were not available.
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